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THE PRODIXTIOX OF 1\TOi.!S A::D SI:lTLL PJ$I)ICP.LS L< GLOW OISCIIARChS 

* 
Freder ick  Kaufman 

Department of Chemistry,  Univers i ty  of P i t t s b u r g h  

I . INT1:ODtiCTIOfi 

The s i z e  a n d  t o p i c a l  v a r i e t y  of t h i s  symposiun c l e a r l y  show t l i a t  e l e c t r i c a l  
d i scha rges  a r e  f ind ing  i n c r e a s i n g  a p p l i c a t i o n  i n  many a r e a s  of cliemistry ranging 
from tile iproduction of s imple  atoniic s p e c i e s  such a s  1 1 ,  0, o r  i from t h e i r  diatomic 
molecules t o  the  svii t i iesis o r  s p e c i f i c  ueconpos i t ion  o f  complex ory.anic o r  inorgs i i ic  
ComPoUndS. I t  is unfor tu i ia te ly  t r u e  t h a t  ou r  understanding o f  tile chcmistrv of dis- 
cllarge processes  i s  s t i l l  i n  a rudimeoLary s t a t e ,  tiint t h e  f i e l d  i s  more an a r t  than 
a s c i e n c e ,  and thus  r e p r e s e n t s  one of t he  las t  f ' r o n t i e r s  of chemistry.  

There i s  jiood reason  f o r  this u n s a t i s f a c t o r y  s t a t e  of a f f a i r s .  Glow disciiar-  
Res a r e  complex phenomena i n  which gases  a t  sul,-atmosplit!ric p re s su re  are undergoing 
e x c i t a t i o n  and i o n i z a t i o n  by e l e c t r o n  impact and s o  Give rise to  hizii ly uncqui l i -  
b r a t e d  s t eadv- s t a t e  cond i t ions  where the  e f f e c t i v e  temperature of  f r e e  e l e c t r o n s  is  
t y p i c a l l y  t e n s  of  thousands O K ,  t h a t  o f  e l e c t r o n i c a l l y  o r  v i b r a t i o n a l l y  exc i t ed  
States may be thousands of O K ,  whereas tiie t rans l .a t iona1  and r o t a t i o n a l  temperature 
w i l l  on ly  be teris t o  hundreds of '1; above ambient. I t  sliould be c l e a r ,  of course ,  
t h a t  a p a r t  from t h e  processes  occur r ing  a t  tiie e l e c t r o d e s ,  energy from the e l e c t r i c  
f i e l d  is coupled t o  t h e  xas a lmost  e i i t i r e l v  through t h e  k i n e t i c  energy o f  f r e e  
e l e c t r o n s  wiiicli, due t o  t h e i r  small mass, acqu i r e  eiiergv more r ap id lv  froni t h e  f i e l d  
and l o s e  i t  more s lowly  i n  e l a s t i c  c o l l i s i o n s  ( the  mean f r a c t i o n a l  energy l o s s  pe r  
e l a s t i c  c o l l i s i o n  equa l s  2 ci/N i n  the  s i i i i p l e s t  c l a s i c a l  model w h e r e  in and X a r e  t h e  
masses o f  the e l e c t r o n  and of  t h e  molecule).  I n  tllis manner, e l e c t r o n s  become su f -  
f i c i e n t l y  c n e r c e t i c  t o  i o n i z e  some of the n e u t r a l  s p e c i e s  ana thereby ba lance  t h e i r  
cont inuous  l o s s  by d i f f u s i o n ,  a t tachment ,  and recombination. As t h e  i o n i z a t i o n  
p o t e n t i a l s  of most n e u t r a l  gases a r e ' i n  t h e  10  LO 20 ev  range (230 t o  460 kcal /mole) ,  
an apprec i ab le  f r a c t i o n  o f  t h e  e l e c t r o n s  has  enough energy t o  produce e l e c t r o n i c  
e x c i t a t i o n  ( r e spons ib l e  f o r  t h e  emi t t ed  glow) and d i s s o c i a t i o n .  

I n  t h e  fo l lowing  s e c t i o n s ,  t h e  mechanism of dc and a c  glow d i scha rges  w i l l  be 
b r i e f l y  desc r ibed ,  w i t h  emphasis on high frequency e l e c t r o d e l e s s  d i scha rges  ( f  = l o 6  
t o  1O1O sec-') and on the s i m p l e  geometry o f t e n  encountered i n  r a p i d l y  pumped steady- 
s t a t e  flow systems a t  p r e s s u r e s  nea r  1 t o r r .  Af t e r  a b r i e f  d i scuss ion  of  tile rates 
and energy dependence of  s p e c i f i c  c o l l i s i o n  and d i f f u s i o n  p rocesses ,  a v a i l a b l e  ex- 
pe r imen ta l  da t a  w i l l  be brought t o  bear on t h e  problem o f  H2, S 2 ,  and 0 2  d i s s o c i a t i o n  
and on t h e  chemistry of some more complicated systems. 

Although t h e r e  a r e  s e v e r a l  f i n e  monographs a v a i l a b l e  on e l e c t r o n  impact plie- 
nomena and ,  d i scharge  physics'- ' ,  thev con ta in  r e l a t i v e l y  l i t t l e  in fo rma t ion  on a c t i v e  
h igh  frequency d i scha rges  which i s  p e r t i n e n t  t o  t h e  problem of  d i s s o c i a t i o n  and chem- 
i c a l  r e a c t i o n .  T h e  e l e c t r o n  phys ic s  of microwave d i scha rges  i s  d i scussed  i n  some 
review a r t i c l e s .  5 * 6  

XI. BASIC PtiYSICAL PROCESSES 

I T .  1. Genera l  Mechanism and Frequency Dependence. 

Glow discharges  a r e  t y p i c a l l y  observed i n  t h e  p re s su re  range of about 0 . 1  t o  
10  t o r r .  . A t  much lower p r e s s u r e s ,  the  e l e c t r o n  mean f r e e  p a t h  is too  long  f o r  gas 
c o l l i s i o n s  to  be impor tan t ,  e l e c t r o n s  p i c k  up l a r g e  amounts of energy from t h e  dc o r  
slow ac f i e l d  and bomhard t h e  anode o r  t h e  tube  w a l l  which may then f l u o r e s c e .  A t  

* This  work was supported by tiie Nat iona l  Sc ience  ?oundation 
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12 
much h ighe r  p re s su res ,  t h e  mean free pa th  is very s h o r t ,  t h e  breakdown f i e l d  s t r eng th  
is  very  h igh ,  and when i t  is exceeded, l o c a l ,  h igh ly  ion ized ,  bu t  narrow pathways a r e  
c r e a t e d  f o r  t h e  conduction of c u r r e n t ,  i.e. spark  f i l a m e n t s  are formed. The normal 
d c  glow d i scha rge  i n  a long  c y l i n d r i c a l  tube  is c h a r a c t e r i z e d  by many a x i a l l y  d i s t i n c t  
bu t  r a d i a l l y  f a i r l y  uniform reg ions  of q u i t e  d i f f e r e n t  o p t i c a l  and e l e c t r i c a l  proper- 
t i e s  such a s  the  Aston Dark Space, Cathode Glow, Cathode Dark Space, Negative Glow, 
Faraday Dark Space, P o s i t i v e  Column, Anode Glow, and Anode Dark Space, i n  t h i s  o rde r ,  
between ca thode  and anode. The reason  f o r  t h i s  complexity is t h a t  q u i t e  d i f f e r e n t  
p rocesses  OCCUK i n  t h e  d i f f e r e n t  r eg ions  a s  is a l s o  shown by a very,non-uniform 
v o l t a g e  rise between ca thode  and anode. Host of t h e  p o t e n t i a l  d i f f e r e n c e  is taken 
up i n  t h e  ' ca thode  f a l l '  which comprises t h e  f i r s t  fou r  r eg ions  enumerated above, is 
dependent on the  ca thode  m a t e r i a l  a s  w e l l  as on t h e  n a t u r e  of t h e  gas and on the 
n a t u r a l  v a r i a b l e  E / N  (V cm*/molecules) w h e r e  E is  t h e  f i e l d  s t r e n g t h  (V/cm) and N t h e  
t o t a l  n e u t r a l  d e n s i t y  (molecules/cm3).  
energy under cond i t ions  of s t e a d y - s t a t e  d r i f t .  

e l e c t r o n  p e r  second, - - - eEw, where E = - mT2 is t h e  e l e c t r o n  energy, Q t he  mean 

The l a t t e r  i s  a measure of t h e  e l e c t r o n  
Equating energy loss and ga in  per  

2m cV 1 
M e  2 

free pa th  f o r  e l e c t r o n - n e u t r a l  c o l l i s i o n s ,  e t h e  e l e c t r o n i c  c h a r  e ,  and w ty 
eEQM1$' = -  E eM1,' e l e c t r o n  d r i f t  v e l o c i t y  which e q u a l s  3 % one o b t a i n s  c = (6m)'f2 N 211uL(3m)n 

where Q was rep laced  by lql/ 211u2N)from s imple  k i n e t i c  t h e o j . .  The ' ca thode  f a l l '  
and 'anode f a l l '  r eg ions  a so have l a r g e  g r a d i e n t s  of e l e c t r o n  and i o n  concent ra t ions  
and a l o c a l  imbalance of e lectr ical  charge.  The p o s i t i v e  column i s  s imple r  i n  na ture  
( a l though  s t r i a t e d  p o s i t i v e  columns are s t i l l  poor ly  unders tood) ,  has  a small and 
c o n s t a n t  a x i a l  v o l t a g e  d rop ,  and only  a small imbalance of charge  c a r r i e r s ,  because, 
a l though  e l e c t r o n s  i n i t i a l l y  d i f f u s e  t o  t h e  tube  w a l l  f a s t e r  t han  i o n s ,  t h e  r e su l -  
t a n t  r a d i a l  f i e l d  p r e v e n t s  f u r t h e r  charge s e p a r a t i o n  and f o r c e s  e l e c t r o n s  and ions  t o  
d i f f u s e  equa l ly  f a s t .  Th i s  p rocess  is c a l l e d  ambipolar d i f f u s i o n  and is f u r t h e r  
d i scussed  below. The v o l t a g e  drop along t h e  p o s i t i v e  column is a l s o  independent of 
t h e  t o t a l  c u r r e n t  ove r  a f a i r l y  wide range ,  and s i n c e  t h e  c u r r e n t ,  1, is c a r r i e d  
most ly  by t h e  e l e c t r o n s  whose d r i f t  v e l o c i t y  is about 100 times l a r g e r  t han  t h a t  of 

t h e  i o n s ,  i = n e w  = - - n which shows t h a t  t h e  e l e c t r o n  concen t r a t ion ,  ne, 

i n c r e a s e s  l i n e a r l y  w i t h  i n c r e a s i n g  c u r r e n t  because E and J are cons tan t .  
normal range o f  e l e c t r o n  (and i o n )  concen t r a t ions  of l o 8  t o  10" ~ m - ~ ,  t h e  pos i t i ve  
column of a dc  glow d i s c h a r g e  is d i f f u s i o n - c o n t r o l l e d  and serves as t h e  e l e c t r i c a l  
connec t ion  between t h e  ca thode  and anode r eg ions .  

3 mC e' 
I n  its 

In high f requency  e l e c t r o d e l e s s  d i s c h a r g e s  t h e  compl ica t ions  of t h e  cathode 
and anode r eg ions  are a b s e n t ,  t h e  e n t i r e  plasma i s  approximately n e u t r a l  and 
d i f f u s i o n - c o n t r o l l e d ,  and t h e  d i scha rge  o f t e n  resembles t h e  p o s i t i v e  column of an 
e q u i v a l e n t  dc d i scha rge .  Y e t ,  t h e r e  are d i f f e r e n c e s  i n  its fundamental  mechanism, 
e s p e c i a l l y  at microwave f r equenc ie s .  Free e l e c t r o n s  o s c i l l a t i n g  i n  an  a l t e r n a t i n g  
f i e l d  can not  d e r i v e  power from t h e  f i e l d  on t h e  average ,  because t h e i r  motion is 
90' o u t  of phase w i t h  t h e  f i e l d .  They t h e r e f o r e  a c q u i r e  energy  only  because c01- 
l i s i o n s  wi th  n e u t r a l  molecules  change t h e i r  phase  r e l a t i o n s h i p  wi th  t h e  f i e l d ,  while 
a t  t h e  same time r e p r e s e n t i n g  a small f r a c t i o n a l  l o s s  of t h e  energy gained. 
t h e  assumption t h a t  t h e  ac f requency ,  f ,  is g r e a t e r  than  t h e  e l a s t i c  c o l l i s i o n  f r e -  
quency, v t he  maximum d i sp lacemen t ,  x, of an e l e c t r o n  due t o  t h e  h igh  frequency 

2eE e' 
f i e l d  is given  by x = 

t y p i c a l l y  30 V / c m  and x is t h e r e f o r e  less than  
i n  t h e  widely used Raytheon Mic ro them Genera tor ) .  
t r o n  energy acqu i red  du r ing  t h e  c y c l e  is eEx, about  0.02 ev ,  i.e. t h e  e l e c t r o n s  
s lowly  accummulate t h e  energy  necessa ry  t o  undergo i n e l a s t i c ,  i o n i z i n g  CollIsiOnS 
and t o  s u s t a i n  t h e  d i s c h a r g e .  

f o r ,  i t  is convenient  t o  d e f i n e  an e f f e c t i v e  f i e l d  s t r e n g t h ,  Ee = Eo ("2 + ,f 

where E 

Under 

where w = 2llf. I n  an a c t i v e  microwave d i scha rge  E is  

cm when f = 2.5 x l o 9  sec-l  ( a s  
The cor responding  maximum e lec-  

When e l a s t i c  c o l l i s i o n s  a r e  approximately accounted 

9 
.2 )1/2 

is  t h e  rms va lue  of t h e  a p p l i e d  f i e l d  s t r e n g t h .  The power ga ined  from t h e  

L 
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e f i e l d  pe r  e l e c t r o n  is  and  per c o l l i s i o n  t t re re forc  

11. 2. i l i f fu s ion  of Ciiargeci Spec ies .  

in u 

I n  the  d isc l ia rges  of i n t e r e s t  i iere,  t i le concen t r a t ion  of charged spec ie s  is 
g r e a t e r  ellan and a l a r g e  f r a c t i o n a l  s e p a r a t i o n  of e l r c t r o n g  alid p o s i t i v e  i o n s  
becomes imposs ib le ,  because i t  would set  up a very  l a r g e  opposiug f i e l d .  The c u r r e n t s  
o f  e l e c t r o n s  and ions  reaching  t h e  wall must tiicn be equa l ,  i = - i) Vn - nu E' 

i+ = - D+Vn + nu E '  where n = n 

IJ t h e  d i f f u s i o n  c o e f f i c i e n t ,  LI t h e  mob i l i t y ,  and E '  t he  f i e l d  d u e  t o  tile ( smal l )  space 
charge .  The s u b s c r i p t s  e and + r e f e r  t o  c l ec t ro r .  and p o s i t i v e  ion .  Equating i and 
i, and e l imina t ing  C '  one o b t a i n s  

= n+ i s  t h e  e l e c t r o n  d e n s i t y ,  011 t h e  dens i tv  gradient, + 

r 
Dew+ + U+we 

?+ + U e  
Vn = 1) Vn I = -  

which s e r v e s  as t h e  d e f i n i t i o n  of t h e  anb ipo la r  d i f f u s i o n  c o e f f i c i e n t ,  Da.  Subs t i tu -  
kTe t i n g  P - f o r  i) and t h e  equ iva lau t  expres s ion  f o r  1)+ otic o b t a i n s  e c  

T v+k which approximately equa l s  - ('1 + T ) o r  D + ( 1  + ") because t h e  e l e c t r o n  mob i l i t y  

pee'  is  much l a r g e r  than  t h e  i o n i c  mobi l i ty  P + .  I n  a c t i v e  glow d i scha rges  T /T+ is 

t y p i c a l l y  20 to 100, whereas i n  t h e  a f t e rg low t h e  e l e c t r o n s  the rma l i ze  r ap id ly  ana 

Te/T+ = 1. 

T+ c e +  

Thus, D 2 20 t o  100 D+ i n  t he  a c t i v e  d i scha rge ,  and 2 D+ i n  t he  a f te rg low.  

6n 
The d isappearance  of charged s p e c i e s  bv ambipolar d i f f u s i o n  i n  the  absence of 

= uavZn where n i s  a func t ion  a sou rce  t e r m  is desc r ibed  by t h e  d i f f u s i o n  equat ion  

of r ,  8, z ,  and t .  The well-known s o l u t i o n  of t h i s  equa t ion  f o r  t h e  case  o f  an i n f i n i t e  

c y l i n d e r  is  n ( r , t )  = Z AiJo(% I) e where al i s  t h e  i t h  r o o t  of  Jo, t h e  Bessel m - k i t  

i=1 0 

2 Da 
Da = 

a. 

r 0 

func t ion  of  zero o r d e r  and k = ($) . The d i f f u s i o n  l e n g t h ,  A, t he re fo re  i 

equa l s  

a,, = 11.792 which shows t h a t ,  as d i f f u s i o n  proceeds ,  tile t i m e  decay w i l l  be inc reas ing ly  

governed by kl = (-) Da, t h e  f i r s t  ( lowes t )  d i f f u s i o n  mode, because  t h e  next t h r e e  

h ighe r  modes a r e  damped o u t  more r a p i d l y  by f a c t o r s  of  5 . 3 ,  12.9,  and 24. 
s h o r t  t r a n s i e n t ,  t h e  d i f fus ion -con t ro l l ed  e l e c t r o n  decay o r  t h e  d i f f u s i o n  c o n t r o l l e d  
loss under s t eady- s t a t e  cond i t ions  wi th  a s p a t i a l l y  w e l l  d i s t r i b u t e d  source  term can 
t h e r e f o r e  be c l o s e l y  approximated by a f i r s t - o r d e r  ra te  c o n s t a n t ,  k = 5.78 D a / r o 2 .  

. The f i r s t  few zeroes  of Jo are a1 = 2.405, a2 = 5.520. a3 = 8.654, 
'i 

r0 
Af te r  a 

This a n a l y s i s  a p p l i e s  when t h e r e  are o n l y  p o s i t i v e  i o n s  and e l e c t r o n s  p re sen t .  
h'hen n e g a t i v e  ions are also p r e s e n t ,  t h e i r  p r i n c i p a l  e f f e c t  is  t o  a c c e l e r a t e  t h e  
ambipolar d i f f u s i o n  of t h e  e l e c t r o n s ,  (Da)e, which now becomes approximately 

(Da)e = (1 + A )  D+ (1 + -) + X 

can be  f u r t h e r  approximated by (1 + 2 A )  Te/T+, where 
r a t i o  of nega t ive  i o n s  and e l e c t r o n s .  

T Te 

*+ T+ 
- 1) which f o r  a c t i v e  d i scha rges  (Te/T+ > >  1) 

= n-/ne. t h e  concen t r a t ion  
I t  can be seen  t h a t  f o r  A >>  1 e l e c t r o n s  
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w i l l  be lost  much more r a p i d l y  be d i f f u s i o n  t o  the  w a l l  than  i n  t h e  absence of 
n e g a t i v e  ions. t 

11. 3. I Electron-Ion and Ion-Ion Recombination. 

Although s e v e r a l  r a d i a t i v e ,  two-body, and three-body recombination mechanisms 
1 

e x i s t ,  only t h e  f a s t e s t  ones w i l l  be mentioned here .  
combination of e l e c t r o n s  and p o s i t i v e  molecular i o n s  as exempl i f ied  by 

NO+ + e + N + 0 (where t h e  products  a r e  l i k e l y  t o  b e  e l e c t r o n i c a l l y ’  e x c i t e d ) ,  similar 

ion-ion r e a c t i o n s  such as 1; + I- + I 2  + I o r  31, NO + NO2- + n e u t r a l  p roducts ,  and , 
three-body ion-ion recombina t ions  such a s  NO + NO2 + M + n e u t r a l  p roducts .  

These are t h e  d i s s o c i a t i v e  re- > 
+ 

+ - 
! 

A l l  of t h e s e  p rocesses  have very  l a r g e  rate c o n s t a n t s ,  due t o  t h e  long range 
coulombic a t t r a c t i o n  between r e a c t a n t s ,  i f  reasonable  p a t h s  are a v a i l a b l e  f o r  t h e  
d i s s i p a t i o n  o f  t h e  l a r g e  exothermic r e a c t i o n  energy (* 10 ev) such as d i s s o c i a t i o n  1 
and e l e c t r o n i c  e x c i t a t i o n .  The f i r s t  of t h e s e  t h r e e  p rocesses  has  been s tud ied  i n  

2 . 9  5 0.3 x lo-’ c m  molecule 1 

example. The g e n e r a l l y  observed range of 1 t o  5 x lo-’ (6 x 1013 t o  3 x 1014 l i t  1 
mole-l s e c - l )  means t h a t  a t  an e l e c t r o n  and i o n  c o n c e n t r a t i o n  1 0 l 1  which i s  n e a r )  
t h e  upper l i m i t  o f  charged p a r t i c l e  d e n s i t i e s  encountered i n  glow d i scha rges ,  t h e  
e f f e c t i v e  f irst  o r d e r  ra te  cons t an t  f o r  e l e c t r o n  removal under s t e a d y - s t a t e  cond i t ions ,  

1 w i l l  be 1 to 5 x l o 4  s e c - l .  

g r e a t e s t  d e t a i l ,  e s p e c i a l l y  by Biondi and  coworker^^'^ who found a va lue  of I 
3 -1 -1 sec f o r  t h e  r a t e  cons t an t  of Np+ + e * N + N, f o r  

Two-body ion-ion recombina t ions  have r a t e  c o n s t a n t s  i n  t h e  same genera l  range 
a l though few have been s t u d i e d  i n  d e t a i l ,  none wi th  p r e c i s e  a n a l y s i s  of r e a c t a n t s  and 
p roduc t s .  Some three-body ion-ion recombinations have r e c e n t l y  been s t u d i e d  by Mahan 

and coworkersg’ l o  who found e f f e c t i v e  t e rmolecu la r  r a t e  c o n s t a n t s  i n  t h e  range 

4 x 1 U - 2 6  to  3 x 

approximate dependence, and a t  a t o t a l  p re s su re  of 1 t o r r ,  such processes  
would have e f f e c t i v e  f i r s t - o r d e r  r a t e  c o n s t a n t s  of i o n  removal i n  t h e  10 t o  100 sec-’ 
r ange ,  t o o  slow t o  be  of importance.  

11. 5. 

+ c m 6  molecule‘2 sec” f o r  NO + NOp- + M n e a r  300’K. With an 

E lec t ron  Attachment and Detachment. 

Only t h e  f a s t e s t  o f  t h e  many p o s s i b l e  p rocesses  need t o  b e  d iscussed  he re .  
Rad ia t ive  a t tachment  and photodetachment as w e l l  as three-body a t tachment  processes  
are u n l i k e l y  t o  b e  o f  importance.  

e + 0 2  + 0- + 0 have rate cons tan ts1’  which rise from zero  a t  an e l e c t r o n  energy 

th re sho ld  (4 t o  9 e v  f o r  t h e  format ion  of 0- from 02, NO, o r  CO) t o  a maximum of 

t o  cm3 molecule-l  s ec - l  f o r  e l e c t r o n s  w i t h  6 t o  10 ev. For average e l e c t r o n  
e n e r g i e s  of 2 t o  3 ev  i n  an a c t i v e  d i scha rge ,  t h e  e f f e c t i v e  rate cons t an t  must there-  
f o r e  be lowered about  10 f o l d  t o  a range of Moreover, s eve ra l  aSSOci 

at ive detachment r e a c t i o n s  such as 0- + 0 + 0 2  + e ,  0- + N + NO + e, 0- + 82 -+ 840 

have r e c e n t l y  been found12 t o  b e  very r ap id  (k  = 1 t o  5 x c m 3  molecule’’ Sec-’) 
under thermal c o n d i t i o n s  n e a r  3OO0K. This f u r t h e r  reduces  t h e  l i k e l i h o o d  tha t  nega t i  
Ions  are impor tan t  s p e c i e s  i n  r a p i d l y  pumped s t e a d y - s t a t e  glow d i scha rges  of diatomic 
gases .  I n  t h i s  r ega rd ,  a c t i v e  d i scha rges  probably d i f f e r  markedly from t h e i r  Cor- 
responding  a f t e rg lows  i n  which t h e  e l e c t r o n s  a r e  r a p i d l y  cooled t o  ambient temperatux 
and w i l l  then r e a d i l y  a t t a c h  t o  form 0 2 - ,  NO-, Cog-, Cob-, and o t h e r  nega t ive  i o n s  
even though t h e  e l e c t r o n  a f f i n i t i e s  a r e  q u i t e  small. 

D i s s o c i a t i v e  a t tachment  r e a c t i o n s  such  as 

t o  

. 



. 

11. 5. CharRe-Transfer and Ion-Molecule Reactions 

Both p o s i t i v e  and nega t ive  ion-molecule r e a c t i o n s  have r e c e n t l y  been s tud ied  
by a v a r i e t y  of experimental  methods, and c o n s i s t e n t  va lues  f o r  many r a t e  cons t an t s  
have become ava i l ab le .  Because of t he  s t rong  ion-dipole o r  ion-induced d ipo le  i n t e r -  
a c t i o n ,  t hese  r e a c t i o n s  u s u a l l y  have l i t t l e  o r  no a c t i v a t i o n  energy i f  they a r e  exo- 
thermic,  and o f t e n  have r a t e  cons t an t s  near  lo-' c m 3  molecule-'  s e c t ' ,  i n  accord wi th  
the  simple theory based on the  p o l a r i z a b i l i t y  of t he  n e u t r a l  r e a c t a n t .  Some excep- 
t i o n s  such a s  02+ + Ng + 

due t h e  l a r g e  energy requirements f o r  bond rearrangement which in t h e  corresponding 
n e u t r a l  four -center  r e a c t i o n  g ives  rise to  a very l a r g e  a c t i v a t i o n  energv. 
u sua l ly  slow reac t ions  such a s  0' + h2 -c NO+ + N (k 'L 2 x lo-") a r e  less e a s i l y  
r a t i o n a l i z e d ,  p a r t i c u l a r l y  s i n c e  k rises sha rp ly  when the  r e a c t a n t  'L2 is v i b r a t i o n a l l y  
exc i t ed .  

NO+ + NO which is  a t  l e a s t  lo6 t imes slower a r e  probably 

Other un- 

From t h e  magnitude of t o  lo-' fo r  many of t he  exothermic r e a c t i o n s  i t  is  
c l e a r  t h a t  t h e  e f f e c t i v e  f i r s t - o r d e r  r a t e  cons t an t  f o r  t h e  t r ans fo rma t ion  of an i o n i c  
s p e c i e s  by r eac t ion  wi th  a major n e u t r a l  c o n s t i t u e n t  (P = 1 t o r r  = 2 x molecules 

a t  t he  higher temperature of the d i scha rge )  i s  2 x lo6 t o  2 x l o 7  sec - l ,  i . e .  
such r eac t ions  w i l l  go t o  completion i n  a sma l l  f r a c t i o n  of t h e  r e s idence  time i n  even 
t h e  most r ap id ly  pumped flow systems. 
spec ie s  a t  0.1 t o  1 male % w i l l  t ransform i o n i c  s p e c i e s  w i t t i  r a t e  c o n s t a n t s  of l o 3  t o  
lo5 sec - l ,  still much f a s t e r  t han  the  r a t e  of t r a v e r s a l  through most d i scha rges  whose 
average flow v e l o c i t i e s  a r e  i n  t h e  range 102 t o  l o 4  cn sec- '  and whose l e n g t h s  a r e  1 
to IO cm. 

Minor n e u t r a l  c o n s t i t u e n t s  such as atomic 

11. 5. Elec t ron  Impact Ion iza t ion .  

A s  shown i n  s e c t i o n  11. 2 above, t he  e l e c t r o n  l o s s  term by ambipolar d i f f u s i o n  
can be  approximated by a f i r s t - o r d e r  r a t e  cons t an t ,  k = 5.78 D a / r o 2 ,  w h i c h  f o r  an 
a c t i v e  d ischarge  wi th  Te/T+ "i, 50, U+ % 100 cm2/sec, and ro = 0.5 

k 2, 1 x l o 5  sec- l .  Although i t  i s  conce ivable  t h a t  chemi-ionization w i l l  occur  i n  
which two e l e c t r o n i c a l l y  e x c i t e d  molecules wi th  5 t o  1 0  ev energy r e a c t  t o  produce 
i o n i z a t i o n ,  such processes  w i l l  normally be of very minor importance. 
l a r g e  chemi ioniza t ion  r a t e  cons t an t  of lo-'' cm3 molecule-' s e c - l ,  a concent ra t ion  of 
5 x 1014 ~ m - ~ ,  2 t o  3 mole %, of such e x c i t e d  molecules would b e  r equ i r ed  t o  ba lance  
the  d i f f u s i o n a l  loss. It  thus  seems l i k e l y  t h a t  e l e c t r o n  impact i o n i z a t i o n  i s  the  
major source  term f o r  charged species i n  the  d ischarge .  Although t h i s  r e q u i r e s  more 
than  t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  atom o r  molecule,  i.e. e l e c t r o n  ene rg ie s  i n  ex- 
ces s  o f  about 15 ev,  t h e  l a r g e  e l e c t r o n  v e l o c i t y  and i t s  very high average  temperature,  
Te, can e a s i l y  provide the  r equ i r ed  magnitude of t h e  rate cons tan t .  

cm, makes 

Even wi th  a very 

The i o n i z a t i o n  c r o s s  s e c t i o n  of most atoms and simple molecules rises sha rp ly  

I t  normally reaches  a va lue  
from zero  a t  the  i o n i z a t i o n  p o t e n t i a l  and comes t o  a broad maximum of about 1 t o  5 x 

of 1 x about 2 t o  4 ev  above i ts  i o n i z a t i o n  p o t e n t i a l ,  i.e. a t  e l e c t r o n  ene rg ie s  
of 12 t o  17 ev. For average e l e c t r o n  ene rg ie s  of 2 t o  3 ev i n  a c t i v e  glow d i scha rges ,  
t h i s  lends  t o  t o t a l  e f f e c t i v e  i o n i z a t i o n  r a t e  cons t an t s  of IO-" t o  loe1' cm3 molecule-' 
sec- l  i f  a Maxwell d i s t r i b u t i o n  is assumed. A somewhat lower range would be obta ined  
f o r  a Druyvesteyn d i s t r i b u t i o n ,  but since the  r a t i o  E/? of r equ i r ed  t o  average energy 
i s  never  very l a r g e  t h e  e r r o r  due t o  t h e  assumption of a Maxwell d i s t r i b u t i o n  should 
b e  f a i r l y  small. 

cm*/molecule a t  e l e c t r o n  e n e r g i e s  o f  70 t o  120 ev. 

An impor tan t ,  though in f r equen t ly  app l i cab le  i o n i z a t i o n  mechanism is the  d i r e c t  
i o n i z a t i o n ' b y  c o l l i s i o n  wi th  s u f f i c i e n t l y  e n e r g e t i c ,  me tas t ab le  n e u t r a l  s p e c i e s .  This 
process ,  c a l l e d  Penning i o n i z a t i o n ,  can occur  only  i f  t h e  e x c i t a t i o n  energy of t h e  
metas tab le  exceeds the  i o n i z a t i o n  p o t e n t i a l  of t h e  o t h e r  r e a c t a n t .  For H e ,  N e ,  and A r  
t he  e x c i t a t i o n  energy of t h e  lowest t r i p l e t  s ta te  is  19.80, 16.62, and 11.55 ev re-  ' s p e c t i v e l y ,  and s i n c e  the  rate cons t an t s  f o r  Penning r e a c t i o n s  a r e  o f t e n  gas  k i n e t i c ,  

I 



state is bound,but the molecule  is  formed on t h e  r e p u l s i v e  p a r t  o f  i t s  p o t e n t i a l  energy 1 
c u m e  a t  a p o i n t  above i t s  d i s s o c i a t i o n  ene rgy ,  and w i l l  t h e r e f o r e  d i s s o c i a t e  on i ts  f i r s t '  

' 111. APPLICATION TO THE DISSOCIATION OF SOME DIATOMIC MOLECULES. 

(1 111. 1. Summary of Some Atom Produc t ion  and Loss Processes  
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I n  t h e  followin:: s e c t i o n s  much ev idence  w i l l  be c i t e d  f o r  c a t a l y t i c  e f f e c t s  

i n  t h e  product ion  of atomic s p e c i e s  such a s  11, N ,  o r  0 i n  glow d i scha rges  o f  t!ieir 
d ia tomic  gases.  
p roduct ion  o r  l o s s  terms upon sma l l  v a r i a t i o n s  i n  qas composition. 
p rocesses  a r e  t h e r e f o r e  summarized i n  t h i s  s e c t i o n ,  and approximate ranges given f o r  
t h e i r  r a t e s .  
c e n t r a t i o n  of 1 0 l 1  ~ m - ~ ,  and e l e c t r o n  energy of 2 t o  3 ev  are assumed corresponding 
t o  known cond i t ions  i n  microwave d i scha rges  a t  i n p u t  power l e v e l s  of1 about 10 t o  500 
watt. 

The e x i s t e n c e  of  such e f f e c t s  sugges t s  l a r g e  ctlanzes i n  t h e  atom 
Ti le -pr inc ipa l  

A c y l i n d r i c a l  d i scha rge  tube  of 1 c m  d iameter ,  average  e l e c t r o n  con- 

Production terms: ( a )  E lec t ron  impact d i s s o c i a t i o n  v i a  e x c i t e d  s ta tes  de- 
pends on the  e x i s t e n c e  of a d i s s o c i a t i n g  o r  p r e d i s s o c i a t i n g  s ta te  a t  moderate exc i t a -  
t i o n  energy and i s  t h e r e f o r e  q u i t e  v a r i a b l e .  When t h e  d i s s o c i a t i o n  energy is  r e l a -  
t i v e l y  smal l ,  as i n  €1 and ( , , a n d  when s t a t e s  are a v a i l a b l e  a t  8 t o  10 ev e x c i t a t i o n  
th re sho ld ,  an atom p roduc t ion  rate of  10 t o  100 t o r r / s e c  can b e  c a l c u l a t e d .  For N 2  
whose d i s s o c i a t i o n  energy is  l a r g e r ,  t h e  ra te  w i l l  be a t  least  10 t i m e s  lower. I t  
should be  c l e a r  t h a t  t h i s  process  must occur  i n  a c t i v e  d i scha rges ,  s i n c e  e l e c t r o n  
impact i o n i z a t i o n ,  which r e q u i r e s  apprec i ab ly  l a r g e r  e l e c t r o n  e n e r g i e s ,  is t h e  p r inc i -  
p a l  source  term f o r  e l e c t r o n  product ion .  Therefore ,  s i n c e  t h e r e  a r e  enough e l e c t r o n s  
p re sen t  w i t h  15  t o  20 ev  energy t o  ba lance  t h e  r ap id  ambipolar d i f f u s i o n  (and recom- 
b ina t ion )  l o s s ,  t h e r e  must be  apprec i ab ly  more wi th  8 t o  1 2  ev f o r  e x c i t a t i o n -  
d i s s o c i a t i o n .  

(b) Electron-Ion recombination at  t h e  wall ( fo l lowing  ambipolar d i f f u s i o n )  
o r  i n  t h e : g a s  phase w i l l  a l s o  produce a tomic  s p e c i e s  i n  r e a c t i o n s  such  as 
e + 112' -+ 2 H ,  e + N2+ -t N + N ,  etc.  - I t  is  c l e a r  that: t h e  upper l i m i t  t o  t h i s  atom 
product ion  term i s  g iven  by t h e  t o t a l  ra te  of i o n i z a t i o n  except  f o r  a p o s s i b l e  f a c t o r  
of  two from t h e  s to i ch iomet ry  of t h e  d i s s o c i a t i o n .  But a s  t h i s  s u r f a c e  recombination 
may a l s o  l ead  to  the  molecular  product  by t h e  d i s s i p a t i o n  of energy  t o  t h e  s u r f a c e ,  
t h e  d i s s o c i a t i o n  rate due t o  t h i s  p rocess  i s  l i k e l y  t o  be lower t h a n  t h e  corresponding 
i o n i z a t i o n  o r  equ iva len t  ambipolar d i f f u s i o n  term, i . e .  < 0.5 t o  5 Tor r / scc .  The gas- 
phase d i s s o c i a t i v e  recombination w i l l  produce atoms a t  a rate o f  0 . 1  t o  0 . 3  T o r r / s e c  
a t  an e l e c t r o n  d e n s i t y  of e m q 3  and much more slowly a t  lower d e n s i t i e s .  

( c )  Ion-molecule r e a c t i o n s  of  primary ions  may i n  e x c e p t i o n a l  
f i c i e n t l y  exothermic t o  produce atomic s p e c i e s  and i o n s  of lower i o n i z a t i o n  p o t e n t i a l  
such a s  i n  H2+ + H2 * l!3+ + 11, bu t  t h e  equ iva len t  r e a c t i o n s  f o r  0 2  and fi2 are endo- 
thermic.  When such a p rocess  i s  p o s s i b l e ,  i t s  rate i s  aga in  l i m i t e d  by t h e  t o t a l  rate 
of i o n i z a t i o n ,  bu t  should  c l o s e l y  approach i t  i f  t h e  n e u t r a l  molecule is  a major spec ie s  
a s  i n  t h e  above i i 2  r e a c t i o n .  

ca ses  be suf -  

( d )  Neut ra l -neut ra l  d i s s o c i a t i o n  r e a c t i o n s  may a l s o  occur ,  bu t  l i t t l e  can be  
s a i d  about them i n  gene ra l .  A s  t h e  k i n e t i c  tempera ture  of a l l  b u t  t h e  e l e c t r o n s  i s  
f a i r l y  low (300 t o  800°K, mostly nea r  6UO°C), two e x c i t e d ,  me tas t ab le  molecules would 
have t o  r e a c t  t o  t r a n s f e r  t h e i r  e x c i t a t i o n  t o  a p r e d i s s o c i a t i n g  s ta te .  Few such re- 
a c t i o n s  a r e  known and t h e i r  r a t e  c o n s t a n t s  are l i k e l y  t o  have upper l i m i t s  i n  t h e  

as high as 0.1% would on ly  produce atoms a t  r a t i o s  of 0.02 t o  0.2 Tor r / sec .  
s t a t e s  would a l s o  have t o  be o p t i c a l l y  me tas t ab le ,  i . e .  have r a d i a t i v e  l i f e t i m e s  longer  
than  0.01 s e c ,  and be  r e s i s t a n t  t o  c o l l i s i o n a l  quenching, i . e .  have d e a c t i v a t i o n  prob- 
a b i l i t y  per c o l l i s i o n  lower tlian 

t o  cm' molecule-l sec- l range .  I f  t h a t  were s o ,  me tas t ab le  mole f r a c t i o n s  
Such 

Loss  Terms: ( a )  iiomogeneous sas-phase atom recombinations a r e  three-body 
p rocesses  v i t h  r a t e  c o n s t a n t s  nea r  10- 
mole f r a c t i o n s  of 5 X ,  such  lo s s  rates are nea r  0.01 t o r r / s e c ,  n e g l i g i b l y  smal l .  

c m 6  molecule" sec-' s o  t h a t  even f o r  atom 

(b) Surface  recombination is  a well-known p rocess ,  u s u a l l y  k i n e t i c a l l y  f i r s t  

o r d e r ,  and cha rac t e r i zed  by a r a t e  c o n s t a n t ,  k = E , f o r  a c y l i n d r i c a l  tube  of diameter d.  
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H.ere Y i s  t h e  recombina t ion  c o e f f i c i e n t ,  t h e  f r a c t i o n  of s u r f a c e  c o l l i s i o n s  lead ing  
t o  recombination, and E i s  t h e  average  molecular v e l o c i t y  of t h e  atomic s p e c i e s .  y 
which i s  o f t e n  as low a s  o u t s i d e  t h e  d i scha rge  f o r  a wel l -c leaned  o r  s u i t a b l e  
poisoned s u r f a c e ,  is l i k e l y  t o  b e  
atom l o s s  r a t e s  of 2 t o  10  t o r r l s e c  can be c a l c u l a t e d ,  and f o r  l a r g e r  y ,  t hese  r a t e s  
would be l a r g e r ,  but no t  p r o p o r t i o n a t e l y  s o ,  because l a r g e  r a d i a l  concen t r a t ion  gradi-  
e n t s  would be produced and d i f f u s i o n  would become r a t e - c o n t r o l l i n g .  
f i r s t  o r d e r  r a t e  c o n s t a n t ,  k = D / A 2  - 5.8  D / r 2 ,  would b e  a p p l i c a b l e ,  s i m i l a r  t o  ambi- 
p o l a r  d i f f u s i o n  (Sec t ion  11 .2) .  bu t  w i t h  t h e  smaller, molecular  d i f f p s i o n  c o e f f i c i e n t .  
For an atom mole f r a c t i o n  of 52, t h e  upper l i m i t  t o  t h e  d i f f u s i o n 9 1  atom recombination 
r a t e  w i l l  be 100 t o  300 t o r r l s e c  depending on t h e  a tomic  spec ie s .  

o r  l a r g e r  i n  t h e  a c t i v e  d ischarge .  For y = 10-3, 

Then, an e f f e c t i v e  

( c )  Ion-molecule r e a c t i o n s  can remove atomic s p e c i e s  i f  t h e  ion  i s  polyatomic 
such as i n  N + Ng+ * N2 + N2+ or the equ iva len t  oxygen r e a c t i o n .  
i s  a major i o n i c  s p e c i e s ,  and t h e  r e a c t i o n  is a f a s t  one ,  i ts  rate a t  5% atom mole 
f r a c t i o n  w i l l  be n e a r  5 t o r r l s e c .  
of t h e  polyatomic ion .  
a r e  known t o  b e  f a s t ,  but as they  r ep lace  one atomic s p e c i e s  by ano the r  t hey  need not 
be cons idered  here. 

I f  t h e  polyatomic ion  

I t  w i l l  then  $e l i m i t e d  by t h e  rate of regenTration 
Reac t ions  of t h e  type 0 2  + N * NO+ + 0 o r  Ng+ + 0 * NO + N 

(d) Neu t ra l ,  b imolecu la r  atom-molecule r e a c t i o n s  s u c h  as N + 02 * NO + 0 o r  
0 + H 2  + OH + H o f t e n  have a p p r e c i a b l e  a c t i v a t i o n  e n e r g i e s .  Moreover, t hey ,  t oo ,  only 
s h u f f l e  atomic s p e c i e s  and can no t  b e  cons idered  l o s s  terms. 
cases  where t h i s  does no t  ho ld  a s  i n  0 + N20*2 NO o r  N + N 2 0  * N2 + NO, t h e  r eac t ions  
a r e  known t o  be n e g l i g i b l y  slow. 

111. 2. Hydrogen Discharges  

In  t h e  few app l i cab le  

The d i s c u s s i o n  o f  t h e  e l e c t r o n  c o l l i s i o n a l  a s p e c t s  of H 2 ,  N 2 ,  and 0 2  discharges  
i s  g r e a t l y  a ided  by the  e x c e l l e n t  papers  by Phelps  and coworkers i n  which e l a s t i c  and 
i n e l a s t i c  c o l l i s i o n  c r o s s  s e c t i o n s  are ob ta ined  by numer ica l  s o l u t i o n  of t h e  Boltzmann 
t r a n s p o r t  equat ion  and comparison wi th  a l l  a v a i l a b l e  exper imenta l  d a t a  on e l e c t r o n  
t r a n s p o r t  c o e f f i c i e n t s .  For H 2  and D214, t h e  v i b r a t i o n a l  e x c i t a t i o n  c r o s s  s e c t i o n  
becomes apprec i ab le  
For d i s s o c i a t i o n ,  a t h r e s h o l d  at 8.85 ev and peak of 4.5 x 
was found t o  be c o n s i s t e n t  w i t h  t h e  da t a .  
d i s s o c i a t i o n  c ros s  s e c t i o n  of H2 is  i n  good agreement wi th  t h e  above except  f o r  a 
l a r g e r  peak o f  about 9 x 
3.0 and 2.0 ev ,  d i s s o c i a t i o n  rate c o n s t a n t s ,  kd ,  of 11 and 2 x 10-10cm3 molecules 
sec- lcan  be c a l c u l a t e d  by summation of Qvf(s) 
of 2 o r  3 ev ,  where Q is t h e  a p p r o p r i a t e  c r o s s  s e c t i o n ,  v t h e  e l e c t r o n  v e l o c i t y ,  and 

c m 2 )  a t  about 1 ev and peaks n e a r  5 ev a t  8 x cm2. 
cm2 at 16  t o  1 7  ev 

A r e c e n t  measurement by Corr iganl ’  of t he  

crn2 a t  16.5 ev.  For ave rage  e l e c t r o n  e n e r g i e s ,  E of 
k l  1 

from E = o t o  m ,  us ing  energy increments 

is t h e  Maxwell d i s t r i b u t i o n  func t ion .  Such k ‘ s  correspond t o  H-atom product ion  rates 
of 200 o r  40 t o r r l s e c .  An e f f e c t i v e  i o n i e a t i o n  rate c o n s t a n t ,  k , w a s  s i m i l a r l y  
found t o  be  7 x 
rates of 7 and 0.6 t o r r l s e c ,  r e s p e c t i v e l y .  The l a t t e r  should  be approximately equal 
t o  t h e  ambipolar d i f f u s i o n  l o s s ,  5 .8 / rO2 D+Te ne/T which e q u a l s  9 o r  6 t o r r l s e c  if 

D+.= 700 cm2/sec a t  1 t o r r  p r e s s u r e .  
a b e t t e r  cho ice  than  2 .0  ev. 
bu t ion  which is  t o  be expec ted .  

d 

( E ~  = 3ev)  and 6 x ( E ~  - 2 e v ) ,  cor responding  t o  i o n i z a t i o n  

g’ 
This  c rude  c a l c u l a t i o n  sugges t s  t h a t  E - 3 ev is 

It n e g l e c t s  t h e  s e r i o u s  d e v i a t i o n  from a Maxwelfl d i s t r i -  

More real is t ic  estimates of kd and ki were ob ta ined  by D r .  Phe lps  by simul- 

taneous ly  a d j u s t i n g  E/N, ck. and us ing  t h e  a p p r o p r i a t e  r a t e  c o e f f i c i e n t s  t o  balance 
i o n i z a t i o n  a g a i n s t  d i f f u s i o n  l o s s e s .  
E/N 

This  l e d  t o  v a l u e s  of Ek = 3.0 ev. 
1.1 x 10-l’ Vcm2/molecule and k i  = 7 x i n  s u r p r i s i n g  agreement with t h e  



above. 
t i p l y i n g  t h e  e x c i t a t i o n  c o e f f i c i e n t  (8  x 
(1.5 x l o 7  cm/sec) which g ives  kd = 1 . 2  x also i n  f o r t u i t o u s l y  good agreement 
with 1.1 x above. This  e x c i t a t i o n  c o e f f i c i e n t  i n c l u d e s  o t h e r ,  non-d issoc ia t ing  
processes ,  but s i n c e  a p p l i c a t i o n  of Corr igan ' s '  l a r g e r  d i s s o c i a t i o n  c r o s s  s e c t i o n  
would i n c r e a s e 3 o t a l  e x c i t a t i o n  c o e f f i c i e n t  , i t s  subsequent  a p p o r t i o n i n g  would not  
lead t o  s e r i o u s  d i s c r e p a n c i e s .  * 

With t h a t  EIN,  an estimate o f  kd can be obta ined  from r e f .  1 4 ,  Fig. 8 by mul- 
cm2/molecule) by t h e  d r i f t  v e l o c i t y  

I 

Thus, a very l a r g e  atom product ion  term of about  200 t o r r l s e c  is i n d i c a t e d  by 
a l l  a v a i l a b l e  e s t i m a t e s .  I n  a d d i t i o n ,  t h e r e  i s  t h e  s o u r c e  t e r m  due t o  e lec t ron- ion  
recombination a t  the  w a l l ,  and due t o  t h e  f a s t  r e a c t i o n  €12' + H p  -+ H3+ + l i .  Each o f  
t h e s e  can a t  most e q u a l  t h e  i o n i z a t i o n  rate, s o  t h a t  t h e i r  sum w i l l  c o n t r i b u t e  10 t o  
20 torr /sec of atomic hydrogen. A l l  o t h e r  s o u r c e  terms a r e  n e g l i g i b l e .  

Surface recombinat ion provides  t h e  only  comparably l a r g e  loss term i n  t h e  
d ischarge .  
s t e a d y - s t a t e  atom c o n c e n t r a t i o n ,  [ H I s s  i s  approximately 1 x 10-3/y. 
y must a lwasy  be  r e l a t i v e l y  l a r g e ,  and t h a t  t h e  d i f f u s i o n  c o n t r o l l e d  
ks = 5.8 D / r 2  = 2 t o  4 x lo4 sec-'  may be a p p l i c a b l e  which l e a d s  t o  an [ I l l s s  of  0.5 
t o  1 x l o b 2  t o r r ,  less than  1% mole f r a c t i o n .  
[HIss = 0.1 t o r r ,  and under e i t h e r  c o n d i t i o n  t h e  h a l f l i f e  f o r  i t s  formation i s  very 

s h o r t  ( 3  x o r  3 x lO-'?sec). 

For small y ,  the  f i r s t  o r d e r  rate c o n s t a n t ,  k, = yC/d = 2 x 1 0 5 y ,  and t h e  
This  shows that 

Idhen y is lowered t o  

One is  thus  l e d  t o  t h e  i n t e r e s t i n g  conclus ion  t h a t  t h e  d i s s o c i a t i o n  y i e l d  of 
such H 2  d i scharges  is mainly c o n t r o l l e d  by s u r f a c e  recombinat ion and t h a t  t h e  s u r f a c e  
i n  t h e  d ischarge  must be moderately t o  h ighly  e f f i c i e n t  f o r  atom recombinat ion.  More- 
over ,  t h e  e f f ec t  of  s m a l l  amounts of added gases  such as H 2 0  o r  02 i n  i n c r e a s i n g  t h e  
y i e l d  must b e  through t h e i r  i n f l u e n c e  on t h e  s u r f a c e  e f f i c i e n c y ,  as  they  can n o t  a f f e c t  
t h e  p r i n c i p a l  product ion term and as no homogeneous loss mechanisms of  proper  magnitude 
are a v a i l a b l e .  These conclus ions  are i n  genera l  agreement w i t h  r e c e n t  work by Goodyear 
and Von Cngel" on r a d i o  frequency d ischarges  a t  lower p r e s s u r e  and of  d i f f e r e n t  
geometry. 

The very  l a r g e  body of exper imenta l  work on t h e  " c a t a l y t i c "  product ion of H 
The e f f e c t  is  when s m a l l  amounts of Hgi) o r  0 2  are added w i l l  n o t  be  reviewed here .  

unquest ionably r e a l ,  i . e .  f a c t o r s  of 10  o r  so  i n  11-atom y i e l d  when swi tch ing  from 
"dry" H 2  t o  H2 conta in ing  0 .1  t o  0.3% H20 can be demonstrated r o u t i n e l y  and r e v e r s i b l y .  
Rony and Hanson18 have r e c e n t l y  quest ioned t h e  e x i s t e n c e  of such an  e f f e c t  a t  a pres-  
s u r e  of 0.075 t o r r  and have reviewed t h e  g e n e r a l  s u b j e c t .  Our e a r l y  experiments  do 
not  bear  t h i s  ou t ,  a s  they show a l a r g e  c a t a l y t i c  e f f e c t  f o r  added H 2 0 ,  but  they do 
i n d i c a t e  t h a t  the  e f f e c t  is less pronounced a t  p r e s s u r e s  below 0 .1  torr .  This  t rend  
can be expected i f  t h e  above a n a l y s i s  i s  c o r r e c t ,  because a t  low p r e s s u r e s ,  t h e  pro- 
d u c t i o n  terms are decreased  and t h e  l o s s  terms i n c r e a s e d .  Moreover, f o r  a given 
d ischarge  energy i n p u t ,  t h e  s u r f a c e  should be h o t t e r  a t  low p r e s s u r e ,  and t h i s  may 
n u l l i f y  t h e  d e a c t i v a t i o n  which i s  probably due t o  adsorbed water molecules .  Severa l  of 
the  r e l e v a n t  experiments  are now under way i n  o u r  l a b o r a t o r y  by D r .  D .  A .  Parkes,  us ing  
Lyman-! absorp t ion  f o r  t h e  do-tream measurement of  [HI. 

111. 2. Oxygen Discharges 

Elec t ron  c o l l i s i o n  c r o s s  s e c t i o n s  have been c a l c u l a t e d  by Hake and Phelps19 
from a l l  a v a i l a b l e  exper imenta l  d a t a  on e l e c t r o n  d r i f t  v e l o c i t y  and o t h e r  t r a n s p o r t  
c o e f f i c i e n t s .  The cross s e c t i o n s  f o r  v i b r a t i o n a l  e x c i t a t i o n  a r e  much smaller than i n  
H p  and t h a t  process  can probably be  neglec ted .  E l e c t r o n i c  e x c i t a t i o n  i s  descr ibed  by 

* It is D r .  phe lps ' s  view t h a t  t h e  high E/N p o r t i o n  of  t h e  e n e l a s t i c  c o l l i s i o n  frequency 
and t h e  corresponding c r o s s  s e c t i o n s  w i l l  have to  be modif ied i n  view of r e c e n t  work 
by F l e t c h e r  and Haydon, Aus t ra l .  J. Phys. 19, 615 (1966). 
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t h r e e  p rocesses  wi th  t h r e s h o l d s  a t  4.5, 8.0, and 9.7 ev. The latter t w o  a r e  l a r g e r  
than  t h e  f i r s t ,  and should  l e a d  t o  d i s s o c i a t i o n ,  s i n c e  t h e  upper states have shallow 
p o t e n t i a l  energy mimima a t  l a r g e r  i n t e r n u c l e a r  d i s t a n c e s  than  t h e  ground s t a t e .  The 
combined c r o s s  s e c t i o n  for t h e  8.0 and 9.7 ev  e x c i t a t i o n  shows a broad f i r s t  peak of 
1.1 x c m 2  a t  1 2  t o  15  e v ,  then  drops  s l i g h t l y  and rises a g a i n  t o  a second peak 
i n  t h e  50 t o  100 ev range. 
3 . 0  ev t h e  e f f e c t i v e  d i s s o c i a t i o n  r a t e  c o n s t a n t ,  kd ,  i s  about  2 x 
sec- l .  

W i t h  t h e  assumption of an average  e l e c t r o n  energy, Ek, of 
cm3 molecule-’ 

I 
The corresponding i o n i z a t i o n  rate c o n s t a n t ,  ki, was c a l c u l a t e d  t o  be 

1 . 3  x F i t t i n g  t h e  0 2  d a t a  i n  a s i m i l a r  way t o  l ip ,  Dr. 
Phelps ob ta ined  E / N  = 9 x 

k, = 1 x 10-l’ cm3 molecule-’ s ec - l ,  i n  f a i r  agreement wi th  t h e  above except  f o r  the 
sma l l e r  ki, but k 
20% i n c r e a s e  of ESN would l e a d  t o  a t e n f o l d  i n c r e a s e  of ki. 

c m 3  molecule-’ sec’l. 
V cm2/molecule, Ek = 3 . 4  ev,  kd = 1 x lo-’, and 

i s  s t r o n g l y  dependent on E/N nea r  10-15Vcm2/molecule, so t h a t  a 

An p a t o m  p roduc t ion  rate of about 200 t o r r / s e c  by d i s s o c i a t i v e  e l e c t r o n  
impact is t h u s  i n d i c a t e d ,  and a l l  o t h e r  p roduc t ion  terms are n e g l i g i b l e  by comparison. 
Su r face  recombination of 0-atoms i s  k i n e t i c a l l y  similar t o  t h a t  of H-atoms except f o r  
a lower d i f f u s i o n  c o e f f i c i e n t  and molecular v e l o c i t y  by a f a c t o r  of 3. Thus, t he  
e f f e c t i v e  f i r s t  o r d e r  s u r f a c e  recombination r a t e  c o n s t a n t  i s  6 x l o 4  y sec-l f o r  E m d l  
r and 5 x 10’ 8ec-l f o r  y approaching  u n i t y .  

I n  pure  02, as i n  Np, t h e r e  is ano the r  l o s s  term which does n o t  a r i s e  i n  H2. 
The polya tomic  i o n s  Os+ and O4+ can react exo the rmica l ly  and r a p i d l y  v i a  

01,’ + 0 + 03 + f o r  t h i s  l o s s  r a t e  one may assume t h a t  01, i s  a major i o n ,  i.e. [O4+] * lf” ~ m - ~ ,  
and t h a t  i t  is t h e r e f o r e  r egene ra t ed  by t h e  b imolecular  r e a c t i o n  02 + 02 
l a t t e r  assumption r e q u i r e s  t h a t  t h e  l i f e t i m e  of t h e  u n s t a b i l i z e d  OI,+ c o l l i s i o n  complex 
be e q u a l  t o  o r  l onge r  than  t h e  c o l l i s i o n  t i m e ,  3 x 
long- fo r  such a s imple  s p e c i e s .  A t  i ts (unreasonable)  m a x i m u m  estimate, such  a chain 
p rocess  may recombine 0-atoms at twice  t h e  rate of  @ + 0 -c O3+ + 02, i.e. wi th  an 
e f f e c t i v e  f i r s t  o r d e r  rate c o n s t a n t  of 200 sec-l if both  i o n  molecule r e a c t i o n s  have 
rate c o n s t a n t s  of 
0-atom product ion ,  s i n c e  t h e  cor responding  [O],, = 0.5 t o r r  = 50% mole f r a c t i o n .  
ove r ,  Knewstubb, Dawson, and TicknerZ0 saw no 
of dc 02 d i scha rges  a t  0 . 4  t o r r ,  though t h e  weaklv bound i o n  could  have d i s soc ia t ed  in 
t h e  l a r g e  electric f i e l d  a t  t h e  sampling o r i f i c e  as Schmidtz1 sugges t s  f o r  a i n  h i s  
mass-spec t romet r ic  s tudy  o f  n i t r o g e n  i o n s .  
p rope r ty  t h a t  i t  is e a s i l y  quenched by small amounts of added gases  such as N2 o r  H2 
which are capable  of t r ans fo rming  t h e  oxygen i o n s  i n t o  more s t a b l e  i o n s  such as NO+ or 
EJO’, b u t  i t  is u n l i k e l y  t o  b e  impor tan t  here .  

+ + 0 2 ,  03’ + 0 -+ 02+ + 02  t o  recombine 0-atoms. To o b t a i n  an upper l i m i t  

+ 01,’. The 

sec, which seems excess ive ly  

cm3 molecule-l  sec-’. Even so, i t  would no t  s e r i o u s l y  l i m i t  
More- 

Ob+ i n  t h e i r  mass-spectrometric study 

The above mechanism does have t h e  des i r ab le  

The p rocess  0- + 0 -c 02 + e is known to  be - fa s t  (k  * 1.5 x and it should 
+ 0 which has  a th re sho ld  of 4.5 ev fo l low t h e  d i s s o c i a t i v e  attachment s t e p  e 2 O2 + 0 

and a low maximum n e a r  7 ev. 
removed by i t s  r e v e r s e ,  and the concen t r a t ions  of e l e c t r o n s  and ions are very much 
lower than  those  o f  n e u t r a l  s p e c i e s ,  t h e s e  s t e p s  l e a v e  [O] unchanged. 

I n s o f a r  as 0 is formed mainly by t h i s  r e a c t i o n  a d  

I f  t h e  above l a r g e  e x c i t a t i o n - d i s s o c i a t i o n  rates are approximate ly  c o r r e c t ,  t h e  
O-atom y i e l d ,  a s  t h e  H - a t o m  y i e l d  i n  t h e  p reced ing  s e c t i o n ,  is p r i n c i p a l l y  c o n t r o l l e d  
by s u r f a c e  recombination i n  the d i scha rge .  
about  0.04 t o r r ,  4% mole f r a c t i o n ,  cons ide rab ly  l a r g e r  than  exper imenta l  va lues  f o r  
pure  0 2 .  
immediately downstream from t h e  d i scha rge  reg ion .  
boundary as shown by t h e i r  l i g h t  emiss ion ,  because e l e c t r o n  l o s s  p r o c e s s e s  a r e  Very 

The smallest c a l c u l a t e d  [Ol,, (y 1) is 

A p o s s i b l e  e x p l a n a t i o n  of t h i s  d i screpancy  may l i e  i n  t h e  s u r f a c e  p r o p e r t i e s  
Act ive  d i scha rges  have a sharp  

fas t .  
t o  one where it is less than  

The cor responding  t r a n s i t i o n  of t h e  s u r f a c e  from a reg ion  where y i s  near un i ty  i is l i k e l y  t o  b e  more g radua l ,  and would provide a 

f 
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reg ion  i n  w!iich la rge ,  n igh lv  l o c a l i z e d  s u r f a c e  10s; terns could  qu lcL lv  reduce tile 
atom concen t r a t ion .  

Exper imenta l ly ,  1ary.e c a t a l y t i c  e f f e c t s  by :;?, SO, o r  l i2 i n  tile product ion  o f  
0-atoms i n  microwave ciisciiargcs ~ i a v e  ~ c e r l  repor ted .22  
atoms ( s t i l l  ~ O W ~ K  y i e l d s  o i  0.3';; WCKC l a t c r  o b t a i n e d ) ,  !>ut small ad t i i t i ons  (U .01  t o  
0.u5;:) of S z ,  > ; 2 0 ,  o r  !;o produced +atoms a t  tile r a t e  of 4u  t o  4 5  p e r  added ;:, and 
s i m i l a r  a d d i t i o n s  of 112 produced 160 t o  200 +atoms per added 112 .  I h  terms o f  t h e  
! 'resent i n t e r p r e t a t i o n ,  tile l a r g e  c a t a l y t i c  c f f r c t  may he unde r s t andab le  f o r  ti2 addi- 
t i o n s  as due t o  t !20  w a l l  e f f e c t s ,  !,ut less so f o r  n i t r o g e n  compounds which sliould no t  
be  S t K O I l G l Y  adsorlied a t  tile s u r f a c e .  
be involved  i n  poisoiiiny, t he  s u r f a c e .  
i n  an u n s a t i s f  ac to ry  s t a t e .  Fu r thc r  experiinents a r e  r equ i r ed  i n  wliich p a r t i c u l a r  
a t t e n t i o n  should he given  t o  tile cond i t ion  and c l i a r a c t e r i z a t i o n  of the s u r f a c e  as ve l1  
as  t o  t h e  imnedinte downstream rcc ion .  

111. 4. Si t roRcn Disc!iarges. 

Very ptire oxygen qave o n l y  u.6~ 

(:onceivably, XO+ i r  ::02+, s t ron) :  Lewis acids, m y  
Thus, ou r  understanding of  0 2  d i scha rzes  is s t i l l  

The g r e a t  complexity of " a c t i v e  nitro1:en" is probably  d u e  t o  i t s  l a r g e r  c r o s s  
s e c t i o n s  f o r  v i b r a t i o n a l  e x c i t a t i o n  anci t o  tile e x i s t c n c c  of m e t a s t a b l e  e l e c t r o n i c a l l y  
e x c i t e d  s t a t e s  helot) tlie d i s s o c i a t i o n  l i m i t  o f  g round-s ta te  1iz. Consequently,  e x t e n s i v e  
v i b r a t i o n a l  e x c i t a t i o n  pe r s i s t s  f o r  times much longe r  than  t h o s e  s p e n t  i n  tlie d i scha rge  
zone, and chemiionizatioll  i s  observed i n  r eg ions  such as  tlie "pink glow" w e l l  downstream 
of the  d i scha rge .  The absence  o f  the lowest t r i p l e t  s t a t e ,  A,3Z:, i n  a c t i v e  n i t r o g e n g 3  
conta i i i ing  '.';-atoms i n d i c a t e s  t h a t  tliesc e x c i t e d  molecules  are very  e f f i c i e n t l y  quenched 
by S ,  and t h a t  v i b r a t i o n a l l y  liiglily e x c i t e d  ground-s t a t e  molecules  arc t h e  p r i n c i p a l  
c a r r i e r s  of e x c i t a t i o n  t o  tlie dowiistreai~! reqioii.  Engelliardt,  Phe lps ,  and Riskz4 have 
determined tlie r e l e v a n t  e l a s t i c  arid i n e l a s t i c  e l e c t r o n  c o l l i s i o n  c r o s s  s e c t i o n s .  Some 
of  t he  e l e c t r o n i c a l l y  e x c i t e d  s ta tes  above t n e  d i s s o c i a t i o n  l i m i t  do n o t  l e a d  to pre- 
d i s s o c i a t i o n ,  and t h c r e f o r e  only  t h e  s t a t e  w i t h  t l i reshold  energy o f  14V was used i n  
tile e s t i m a t e  of d i s s o c i a t i o n .  Assuming an average  e l e c t r o n  energy .  = 3 e v ,  and a 

maxwellian d i s t r i b u t i o n ,  one o b t a i n s  an e f f e c t i v e  d i s s o c i a t i o n  r a t e  c o n s t a n t ,  kd,  o f  

3 x lo-'' (bo t o r r / s ec )  and a cor respondinz  i o n i z a t i o n  rate c o n s t a n t ,  ki, o f  6 x lU-l ' .  

'The l a t t e r  is l a r z e r  ( b  t o r r / s e c )  than  t h e  corresponding ambipolar  d i f f u s i o n  l o s s  t e r m  
(13.5 t o  1 t o r r / s e c ) .  l i l t  more r e a l i s t i c  c a l c u l a t i o n  by D r .  Phe lps  which s imul taneous ly  
f i t s  c k ,  L/:i,  and tlie known c r o s s  s e c t i o n s  t o  make t h e  ambipolar  d i f f u s i o n  loss  equal- 
t h e  r a t e  of i o n i z a t i o n  gave ck = 2 . 2  e v ,  E/?:  = 1 . 2  x 

(6 t o r r / s e c ) ,  a n d  k i  = 3 x This  d i s s o c i a t i o n  ra te  is very  much lower than t h a t  
of 1 i Z  o r  O2 and p rope r ly  r e f l e c t s  t he  t i i f f i c u l t y  of producing e x t e n s i v e  d i s s o c i a t i o n  of 
Hz i n  glow d i scha rxes .  
The p r i n c i p a l  l o s s  p rocesses  i n c l u d e  atom recombinat ion a t  t h e  s u r f a c e  which can be  set 
equa l  t o  those  of  oxygen, because the  molecul K v e l o c i t i e s  are s i m i l a r .  The c a t a l y t i c  
atom loss nechanicm by E;,++ + X + i<3+ + ?;2, 5 3  
been sugges ted  by Young e t  a l . 2 5  but  i t s  
d i r e c t ,  b imolecular  format ion  is r e p o r t e d  t o  be very  I t  must b e  expected t h a t  
the  a s s o c i a t i o n  o f  s u c h  a s imple  complex w i l l  no t  be i n  i t s  second-order  (h igh  p res su re )  
l i m i t  a t  1 t o r r  p r e s s u r e ,  and t h e  c a t a l y t i c  l o s s  p rocess  then  becomes i n o p e r a t i v e ,  a s  
i t s  r a t e  is  l i m i t e d  by a r e l a t i v e l y  slow three-body r e a c t i o n .  The balance  o f  t he  main 
product ion  and loss terms h e r e  p r e d i c t s  a niinimun [N],, of 0.1X when y is n e a r  u n i t y  and 
tile recombination i n  t h e  c l o s e  pos t -d i scha rge  r eg ion  i s  neg lec t ed .  When y is s u f f i c i e n t l y  
small t o  make [ X I S s  about  20 t o  50 times l a r g e r ,  tile corresponding s u r f a c e  recombination 
r a t e  c o n s t a n t ,  ks, i s  r e l a t i v e l y  sma l l  ( l 0 U  s e c - l j  and t h e  h a l f  l i f e  f o r  a t t a i n i n g  s t eady  
s t ; t t e  nay become longcr  t i i an  the r e s idence  t i n e  s o  tliat d i s s o c i a t i o n  becomes source- 
c o n t r o l l e d .  T! l i s  ha s  been observeci i n  r e c e n t  exper iments  i n  o u r  l a b o r a t o r y  where two 
microvave dischnrr!es i n  s e r i e s  i n  r a p i d l y  pumped :<2 a t  7 t o r r  produced approximately 
twice  tile [:;I of  each one opcra t i i i f :  a lone .  

cm2/molccule. kd = 3 x 10 " 

?io o t h e r  source  terms of comparable magnitude are a v a i l a b l e .  

a + N -t N2+ + N2, and M2+ + Ng -t N4' has  
The b inding  energy of  N + is about  0 .5  

I 
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Exper imenta l ly ,  t h e r e  i s  abundant evidence f o r  " c a t a l y t i c "  e f f e c t s  as summa- 
r i z e d  by Young e t  a l Z 8  who s t u d i e d  t h e  e f f e c t i v e n e s s  of 0 2 ,  NO, and SFg added e i t h e r  
b e f o r e  o r  immediately a f t e r  a nicrowave discl iarge i n  h i g h l y  p u r i f i e d ,  f lowing X z .  
All t h r e e  gases were " c a t a l y t i c "  when added b e f o r e ,  but on ly  NO a f t e r  t h e  d i s c h a r g e ,  , 
and SF6 added before  "produced" 230 !<-atoms p e r  SFG molecule. ' 
may g i v e  erroneous r e s u l t s ,  however.29 
similar ones  \ 

discharge .  I n  a d d i t i o n ,  long- l ived  v i b r a t i o n a l  e x c i t a t i o n  i s  probably r e s p o n s i b l e  f o r  , 
downstream "pink glow" c h e m i i o n i z a t i o n  e f f e c t s .  The e l e c t r o n  iinpact c r o s s  s e c t i o n s  
are l a r g e s t  f o r  t h e  p r o d u c t i o n  of  ground-s ta te  N 2  with  r e l a t i v e l y  l k t t l e  v i b r a t i o n a l  
e x c i t a t i o n z 9  ( V  = 1 t o  4 ) .  I f  t h e s e  s ta tes  are e x t e n s i v e l y  popula ted ,  t h e  gas  w i l l  
l e a v e  the  d ischarge  with v i b r a t i o n a l  energy cor responding  t o  a temperature  of 5,000 
t o  10,OOO°K, but  i n  a non-equi l ibr ium d i s t r i b u t i o n ,  l a c k i n g  i ts  p r o p e r  complement of 
n i g h l y  e n e r g e t i c  molecules .  These w i l l  be  formed by v i b r a t i o n - v i b r a t i o n  energy t r a n s f e r  
which may he r e l a t i v e l y  s low at  t h e  h i g h e r  l e v e l s  where t h e  anharmonici tv  i s  l a r g e .  

IV. DISCHARGE CliEMISTRY I N  MORE COM'LICATEU SYSTEMS. 

\ 
The ESK method employed 

A t  tlic p r e s e n t  w r i t i n g ,  t h e s e  e f f e c t s ,  as the  
i n  H2 or 0 2 ,  can o n l y  be  understood i n  terms of s u r f a c e  e f f e c t s  i n  the  

I 
AlthouRh t h i s  i s  t h e  area of  g r e a t e s t  i n t e r e s t  t o  most chemis ts ,  t h e  necessary I 

* fundamental  in format ion  i s  most ly  lack ing .  Data on some t r i a t o m i c  molecules  such as  
C0219 and H2031 have been ana lyzed .  
molecules  such as CO,  0 2 ,  OH, o r  112 as w e l l  as t h e  f r e e  atoms. This  means t h a t  reac- 
t i o n s  between the  v a r i o u s  n e u t r a l  s p e c i e s  must a l s o  be considered.  These may be much 
s l o w e r  than  t h e  e l e c t r o n  impact  p r o c e s s e s  and may r e q u i r e  long r e s i d e n c e  t i m e s  i n  the  1 
d i s c h a r g e  to  reach t h e i r  s t e a d y  s t a t e .  l l e  approach t o  f u l l  s t e a d y  s ta te  may there-  I 
f o r e  be c h a r a c t e r i z e d  by s e v e r a l  t i m e  c o n s t a n t s ,  very  s h o r t  ones f o r  i o n i z a t i o n  and 
d i r e c t  e x c i t a t i o n  or d i s s o c i a t i o n ,  and v a r i o u s  superimposed longer  ones due t o  reac- 
t i o n s  of n e u t r a l  s p e c i e s  r e q u i r i n g  an  energy of  a c t i v a t i o n  (e.g. hydrogen a b s t r a c t i o n  1 
from hydrocarbons which o f t e n  has  an E o f  7 t o  10 kca l /mole) .  

T h e i r  a c t i v e  d i s c h a r g e s  w i l l  a l so  c o n t a i n  diatomic 

1 

Glow discharges  i n  water vapor  are a good example of  t h e  chemical  complexity o f  
s i m p l e  polyatomic systems.  T h e i r  chemis t ry  was l o n g  misrepresented  on t h e  assumption 
t h a t  d i s s o c i a t i o n  t o  H and OH was t h e  p r i n c i p a l  d i s c h a r g e  r e a c t i o n  and t h a t  t h e i r  re- 
combinat ion could be  measured downstream. Space-resolved l i n e  a b s o r p t i o n  experiments 
on OH i n  a fas t - f low s t e a d y - s t a t e  system32 showed however, t h a t  n e g l i g i b l e  amounts of 
OH were p r e s e n t  a few m i l l i s e c o n d s  downstream of  t h e  d i s c h a r g e ,  b u t  t h a t  a l i t t l e  OH 
w a s  produced f u r t h e r  downstream by slow r e a c t i o n s  such as H + 9+ M + H Q +  M and H+H@+Z( 
Thus t h e  d ischarge  is  an  e x c e l l e n t  s o u r c e  of H-atoms, b u t  t h e  f u r t h e r  e x c i t a t i o n -  
d i s s o c i a t i o n  of OH is  a p p a r e n t l y  so r a p i d  t h a t  0-atoms are a l s o  formed, and t h e  very 
f a s t  r e a c t i o n  0 + 011 + 02 + 11 a c c o u n t s  f o r  t h e  major d i s c h a r g e  p r o d u c t s  which are 
H-atoms and 02. When t h e  d i s s o c i a t i o n  o f  OH i n  t h e  d ischarge  is  i n s u f f i c i e n t  t o  product 
t h e  0-atoms needed i n  t h e  above r e a c t i o n ,  OH may l e a v e  t h e  d i s c h a r g e ,  b u t  w i l l  react 
r a p i d l y  by 2 011 -+ H20 + 0 and OH + 9 + 02 + H f o r  an o v e r a l l  s t o i c h i o m e t r y  of 
3 OH + H20 + 02 + H. 
t o  b e  t h e  case a t  p r e s s u r e s  below 0.1 t o r r ,  0-atoms w i l l  p e r s i s t ,  and t h e  o v e r a l l  
d i s c h a r g e  products  w i l l  c o n s i s t  o f  v a r y i n g  amounts of H ,  0.  and 02, w i t h  H a l w a y s  i n  
g r e a t  excess .  I t  i s  clear from t h i s  d i s c u s s i o n  t h a t  t h e  primary e l e c t r o n  energy and 
c r o s s  s e c t i o n  d a t a  o b t a i n e d  from t r a n s p o r t  p r o p e r t i e s  i n  pure  H20 are much less appl i -  
c a b l e  i n  determining p r i n c i p a l  d i s c h a r g e  products  and t h e i r  y i e l d s .  
t h r e s h o l d  and c r o s s  s e c t i o n s  i n  1420 are very  similar t o  t h o s e  i n  02. The exc i ta t ion-  
d i s s o c i a t i o n  c r o s s  s e c t i o n s  have h i g h e r  t h r e s h o l d s  (12.0 and 12.6 e v ) ,  b u t  r i s e  more 
s h a r p l y  w i t h  i n c r e a s i n g  e l e c t r o n  energy,  so t h a t  one would expec t  t h e  pr imary ioniza- 
t i o n  r a t e  t o  be e q u a l  t o  t h a t  i n  02, and t h e  primary d i s s o c i a t i o n  rate to be a l i t t l e  
lower i f  is comparable. All i o n s  w i l l  be e x t e n s i v e l y  hydra ted  which should  i n c r e a s e  
t h e  r a t e  c o n s t a n t s  of many b imolecular  ion-molecule r e a c t i o n s  and make i t  p o s s i b l e  for  
a s s o c i a t i o n  r e a c t i o n s  t o  t a k e  p l a c e  by s imple  two-body processes .  

1 

Should OH be  e x t e n s i v e l y  d i s s o c i a t e d  i n  t h e  d i s c h a r g e  as appears  

The i o n i z a t i o n  

I n  conclus ion ,  t h e  v a r i e d  a s p e c t s  of glow d i s c h a r g e  chemis t ry  should be s u m -  
r i z e d  once more. 
o f  m y  t h i n g s  i n  o r d e r  t o  p r o g r e s s  from a cookbook l e v e l  t o  one of  ( p a r t i a l )  

I n  t h e  case o f  moderately complex r e a c t a n t s ,  one should  have knowledg 



i 

’ understanding:  1 and o t h e r  major s p e c i e s ;  

) t h e  necessa  

, even less  so f o r  charged s p e c i e s ,  and seems t o  be t h e  p r e s e n t  b o t t l e n e c k .  

23 
( a )  Elec t ron  impact i o n i z a t i o n  and a i s s o c i a t i o n  ra tes  of  r e a c t a n t s  

(b) Sur face  recombinat ion r a t c s  i n  t h e  d i s c h a r g e :  (c) 
Ion-molecule r e a c t i o n  r a t e s  involv ing  major n e u t r a l  s p e c i e s ;  ( d )  n e u t r a l - n e u t r a l  
r e a c t i o n  rates and t h e i r  t cmpcra ture  dependences i n  and o u t  of  t he  disci iarge.  ‘[uch of 

The r o l e  O B u r f a c e ,  however, i s  l i t t l e  understood f o r  e l e c t r i c a l l y  n e u t r a l  r e a c t a n t s ,  
in format ion  f o r  ( a ) ,  ( c ) ,  and ( d )  i s  becoming a v a i l a b l e  f o r  many systems.  

i 
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